In order to find its feasibility as blast furnace coke feedstock, non-metallurgical coal was compared with metallurgical coal in terms of reactivity and degradation during CO2 gasification reaction, with emphasis on the difference between the pore structure of coke and that of char. The following results were obtained:
I. Introduction
Coke experiences degradation while it descends through a blast furnace. Although extensive works have been made on how the degradation occurs through a number of tests of cokes taken out from blast furnaces dissected after quenching for shut down, the degradation is not fully understood. This might be due to the existence of a limitation in the test of cokes which are not always those derived from an operating blast furnace which is usually full of complexities. Then, any degradation test under development is not so reliable as the conventional drum test, even if the test conditions applied are those as would prevail in the blast furnace. In spite of that, the establishment of a new degradation test is being tried in various approaches. It has been accelerated today when non-and weakly caking coals have become one of the sources for blast furnace feedstock. For more appropriate explanation of the degradation, it could be necessary to return to the basic factors which govern the degradation. This paper deals with the degradation of coke and char in terms of the change of the microscopic structure during solution loss reaction.
II. Some Aspects of Blast Furnace and Coke
of course, the correlation between the blast furnace conditions and the coke behavior is understood to some extent. Though the level where the grain size of coke starts to decrease has not been determined yet, it is generally believed that the degradation initiates between the tuyere and the level several meters above it. In an example,' it has been observed that the degradation occurs markedly 2 to 3 m above the tu- A study on the gradual structure change of pore walls during the solution loss reaction will help us to have a better understanding of the degradation of coke matrix at the tip of cracks with various orders in size and the initial stage of crack propagation into the coke body.
III. Experimental
Samples
Sixteen non-and weakly caking coals and ten metallurgical coals with various occurrences were used. They were carbonized at 1 050 °C with the constant heating rate of 3 °C/min. Carbonized cokes and chars were ground, followed by sieving to obtain sample cokes and chars with the size ranging from 1 to 2 mm. The results of the coal analyses and the characteristics tests of the cokes are shown in Table 1 and the analysis data of the chars in Table 2 .
Measurements
In order to represent the degradation with the change of pore structure, the physical characteristics such as densities and surface areas as well as structural strength were measured for the specimen gasified to several burn-off levels.
Burn-off Rate
The electric furnace provided with a silica tube of 25 mm diameter was maintained at 1 050 °C. About 10 g of samples was gasified under the semi-fluidized bed condition in 99.9 % pure CO2 with the flow rate of 31/min ( Fig. 1) , so that the physical restrictions in the gasification reaction were minimized. Any dust emission to affect the burn-off rate was not detected. Burn-off rate was computed by Eq. (1) :
where, Wo : initial sample weight on daf basis, g wt : sample weight at time t on daf basis, g. The reaction temperature 1 050 °C was selected because it is a preferable temperature to give the solution loss reaction chemically controlled and, more, to demand a less period for the gasification run.'0T 
2. Densities Densities were measured by the displacement method using liquid media, namely mercury and water, giving the mercury density and the water density, respectively. The mercury density was referred to as the apparent density and the water density as the true density. The true density was measured by picnometric method for both cases in sizes of 1 to 2 mm and under 100 mesh. In the apparent density measurement, mercury was introduced into the sample space after evacuation at 5 x 10-3 Torr for more than 1.5 h (Fig. 2) . The densities were corrected to those for the organic matter by the correction equation (2) :
where, d: measured density (g/cm3) d~ : corrected density (g/cm3) dash : ash density, 2.7 g/cm3
x: ash fraction in the sample (-). Porosities as defined below were calculated by using the corrected density. where, dA : corrected apparent density dT : corrected true density dT : corrected true density of -100 mesh sample.
Surface Area
Surface areas were measured using a BET apparatus which was constructed so as to have a dead space as small as possible and give high accuracy even to the sample with a low surface area. About 1 g of sample was first evacuated at 130 °C for more than 14 h under vacuum of 10-5 Torr realized by the combination of an oil rotary pump and a mercury diffusion pump. Two gases, namely N2 and CO2, were used as the adsorption medium. It has been proposed that if the pores are classified into such three groups as macro-, transitional and micropores whose diameters are greater than 200 A, 200 to 20 A and less than 20 A, respectively,xl) the N2 surface area measured at 77 K gives that from macro-and transitional pores and the CO2 surface area at 298 K that from the whole pores including micropores.12-14) The N2 surface area was calculated by the BET equation and the CO 2 surface area by Eq. (5) P0: saturated vapor pressure of C02 at 298 K (cmHg) j3 : affinity coefficient relative to N2 or C6H6 B : constant.
Structural Strength and Miscellaneous
The structural strength was obtained by processing the sample in a cylinder which holds twelve 8 mm~b steel balls and rotates in the propeller mode with 25 rpm. The cylinder is 270 mm long and 25 mm diameter. MSI28° denotes the structural strength screened by 28 mesh after 400 revolutions, following the conventional way of expression.
The crystallite size, 4, was calculated by Eq. (6) using the diffraction data from (002) Results and Discussion
Reactivity
The reaction order of the gasification of coke and char with the present technique has been shown to be zero?7) The reaction rate constant, defined as the reactivity, is shown in Table 3 , showing that chars have higher reactivity than cokes. Reactivities of both cokes and chars, however, seem to vary with their mother coal rank in fairly good correlation. This simply means that the higher reactivities of chars are due to the fact that the rank of chars is mostly lower than that of cokes, and there might not be any difference in their reaction mechanism.
In Fig. 3 , one can see that the reactivity varies along a parabolic curve with the minimum at about 1.3 of R0. According to some other researchers,18,19> the resembling behaviors are found in the variation of physical and In fact, some physical character- Table  3 . Reactivity of cokes and chars. (719) istics such as the C02 surface area and the porosity vary with the coal rank in the same fashion as the reactivity does (Fig. 4(C) ). In some respect, the coal rank represents the size of stacking of the aromatic condensation rings, as already mentioned, so that each coke and char come to show its own crystallite size. As the result of that, the bonding energy of the carbon atoms lined up along the inner surface differs, depending on the site and the orientation which all affect the reactivity in narrow sense.10> Figure 5 indicates the plots of the crystallite size and the ash content against the reactivity. Though the reactivity is affected by the chemical form of ash as well as the degree of dispersion, possible internal porosity and the element, it is also affected by the ash content itself, that is, the more the ash content, the higher the reactivity as shown in Fig. 5 . the decrease of the crystallite It is also indicated that size increases the reactivity.
Pore Structure
The pore characteristics of raw cokes and chars are presented in Table 4 . It is found that there exist considerable differences between the cokes and the chars in the porosity and the C02 surface area (So,). The distinct difference in the porosity is found not in the open porosity but in the closed porosity, that is the closed porosity of the chars ranges from 2.4 to 17.3 %, while that of the cokes does not exceed 4.2 %. Scot of the chars also has a wide range of 25 to 275 m2/ g. The N2 surface area (SN2), however, does not present such a difference between the cokes and the chars and the variation range is small. Since it is already known that SN2 and SCO2 are derived from the macro-and the transitional pores and the whole pores, respectively, a qualitative pore distribution may be drawn relatively by relating the areas to the porosities. Supposing there are n cylinder-like pores of the mean diameter D and the mean length L per unit mass, Eqs. (7) and (8) (9) where, S : surface area per unit mass V: pore volume per unit mass. Equation (9) indicates that the pore diameter is proportional to the pore volume under a constant surface area or is inversely proportional to the surface area under a costant pore volume. When S in Eq. (9) is substituted by SN2, the mean pore diameter will be obtained as that of the whole pores. Under a hypothesis that the porosity derived only from the micropores is negligible, the substitution of S in Eq. (9) by SN 2 
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In order to get a visual pore distribution, the idea above was taken. So obtained is a classification table as shown in Fig. 6 , which contains pore distribution sketches with an intention of giving a distinct difference in pore diameters of each sample coke and char.
Since it is also hypothesized that the shape of the pores is spherical, pores drawn in the sketches are different in appearance from those as observed by say a microscope. Figure 6 presents some characteristic features, that is, the pore structure of the chars which have a variety of porosity and Scot is also of striking variety and is classified into various classes of the classification table. Take three chars, namely CH-6, -8 and -1, for instance.
Since CH-6 has a large SC02 and at the same time a low porosity and a small SN2, it must have a structure accompanied with densely distributed thin pores. Further, since the closed porosity of this sample is extremely low, most paths of the network may be connected each other and open to the outer surface. As
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for CH-8, the high porosity and small SN2 suggests a distribution of relatively large pores. CH-8, different from CH-5 only in Scot level, appears to be richer in fine pores as clearly shown in the classification table. CH-1, having low porosities and suface areas, may be poor in the pore development, similar to CH-7. The distinctive features of the cokes compared to that of the chars in terms of pore characteristics exist first in low surface areas and low closed porosity, and secondly in not a small SN2. Then, putting these things all together, all the cokes may have a cosiderable number of pores of relatively large size and of length. For blend cokes also, a similar observation has been presented by Tyutyunnikov and his coworkers.2~ Because it is also known here that the micropore development within the pore walls is poor, the two dimensional pore distribution may be represented as the typical patterns as shown in Fig. 6 , remarkably differing from those of all the chars. Since the length and the size of the macropores must be governed by a combination of softening and volatile matter evolution during carbonization process, the coke coals utilized here, having caking and/or coking properties, might have maintained such a suitable combination as the volatile matter can pass through until solidification terminates. On the contrary, micropores developing within pore walls of chars which are poor in fluidity can be abundant enough to let the volatile matter out. Although there are some exceptions, such as CH-1 and CH-7 both of which have extremely low Scot, they must need only so few paths as a less amount of volatile matter leaves through ( Table 2) .
The common feature among the cokes and the variety of chars in respect to the pore characteristics will be discussed more next in relation to the reactivity.
Pore Characteristics and Reactivity
Take a few examples in order to discuss the relationship between the reactivity and the pore characteristics.
Though CH-8 is similar to CH-5 not only in micropore distribution pattern but also in coal rank and ash content, the reactivity of CH-8 is much greater than that of CH-5. This may be due to the difference in the distribution density of micropores within the pore walls, that is, the number of open pores will affect the intrusion of reactant gas and the probability of the contact of pore walls with reactant gas. On the same account, the reactivity of CH-3 is greater than that of both CH-2 and CH-4, that of CH-2 and CH-4 greater than that of Beatrice and Rawland and so forth.
There is another case that the reactivity can be explained by the other characteristics than the micropore distribution. So are such three samples as CH-3, CH-6 and CH-8. Table 5 shows the mean pore diameters of these samples computed with Eq. (8) . CH-8 with the highest Scot has the mean macropore diameter of 1.6, which is three times as large as that of the rest. This may lead to a conclusion that no matter how abundant are micropores which provide reaction sites, macropores from the surface of which micropores originate greatly affect the reactivity. This fact is well explained by Jenkins et a1.,23~ using the idea of feeder pores which take roll of reservoirs that can supply reactant gas onto the reaction sites distributing along micropores. A calculation of the mean free path of CO2 at 1 050 °C gives 0.8 p. The mean macropore diameters of CH-6 and CH-3 are smaller than the mean free path, while that of CH-8 is three times greater. This means that the space within such macropores as of CH-8 can be considered bulk.
According to the present classification as shown in Fig. 6 , all the cokes which are classified to a limited number of classes lack of individuality in pore structure so that it is not so easy to compare the reactivity as made for the chars. However, it may be selfevident that the reactivity of the cokes which are poor in micropores is lower than that of the chars.
Change in Pore Characteristics during Solution Loss
Reaction Figure 7 indicates the porosity variation with burnoff of samples. The porosity, of course, increases gasification reaction with the increase of burn-off. An interesting fact is that the chars show their individual variation pattern, while the porosity of the cokes stays in a narrow region regardless of the extent of burn-off. This might have been forseen by the pore characteristic differences before gasification (Fig. 6 ). Both CH-4 and CH-8 with sharp increase in porosity at the initial stage are relatively rich in micropores. SN2 of all the cokes does not increase much as gasification proceeds.
The sample which has a remarkable increase in SN2 found in the chars, one of which is CH-8, being abundant in micropores (Fig. 8) . It has been pointed out24~ that since the micropores which determine Sco t enlarge very rapidly with slight burn-off, SN2 can approach to Scot as gasification proceeds. Some examples as presented in Fig. 9 show that both areas come to coincide at 30 % burn-off. It is well understood that the increase of both porosity and surface area during the gasification reaction results from either the enlargement of the pore diameter or the opening up of the closed pores. Figures 7 and 8 , however, clearly show that the pore diameter at 30 % burn-off is only 2 to 3 times greater than that at the initial stage, while, as would happen in many cases, Scot becomes several hundred times greater. Because of this, the mean pore diameter D will decrease as gasification proceeds, and opening up of the closed pores undergoes rapidly one after another. Though the process of the diameter enlargement is not explained by Eqs. (5) to (7), the coincidence of SN2 with Scot provides such a concrete example as already shown in Fig. 9 . There are some samples which have a critical burn-off where the closed pores disappear and n terminates to increase and then starts to decrease with the increase of D. The cokes and chars which have such a critical burn-off below 30 % are CH-1 and CH-7, which are less porous, and Peak Down, Balmer, Woolondilly, Fording River and Elkay, which are the cokes abundant in macropores.
5. Pore Characteristics and Structural Strength after Solution Loss Reaction It is almost impossible to distinguish the chars from the cokes through the structural strength (MSI28°) plotted against the coal rank, giving only a tendency of variation with the coal rank (Fig. 4(A) ). Then, a technique taken here is to survey the difference of the strength drops between the cokes and the chars after solution loss reaction for a certain period. The strength, which varies with the extent of the solution loss reaction, plotted against burn-off shows a linear relationship below the burn-off of 40 %17) so that the observed strengths of the specimen which experienced the solution loss reaction aimed at 10 and 25 % burnoff were used to compare the strengths at a constant burn-off. Figure 10 indicates the strength against the coal rank, divided into three groups by the burnoff levels of 0, 10 and 25 %. The strength at 0 % burn-off is that of raw samples. In order to make possible to distinguish the strength drop, three widely distributed chars such as CH-l, CH-5 and CH-7 were chosen for convenience. On the basis of two lines tentatively drawn as in Fig. 10 among these three samples, the location of plots of the rest of cokes and chars presents a characteristic tendency that the distance of the plots of the chars keeps almost constant from the lines, while that of the cokes moves downward and separates from the lines. Then, it may be seen that there is a difference in the mode of reactant gas attack between cokes and chars and the strength decrease of the cokes with the burn-off increase becomes greater than that of the chars. It might be said that the higher reactivity brings about a more serious degradation, but the present result shows there is an opposite case. Since any concept of re- have not a little closed pores.
As for CH-6, for instance, which has as small closed porosity as cokes and is abundant in micropores, there may exist another reason that the micropores are too fine for the reactant gas to transport without resistance to the center of the grain or the reactant gas is spent out until it reaches the center.
V. Conclusion
The degradation mechanism of chars in comparison with that of coke was studied. Conclusions obtained are that the destruction of the structure of chars considerably differs from that of coke and more, once gasified, char does not become more destructive than coke. 
